Cervical insufficiency is a difficult condition to diagnose and can lead to preterm birth, miscarriage, or perinatal infant morbidity and mortality. We conducted this retrospective case study and literature review to evaluate the safety and efficacy of robot-assisted abdominal cerclage during pregnancy.
INTRODUCTION
Cervical insufficiency is one of the leading causes of perinatal infant morbidity and mortality, with an incidence of 0.1-1.0% of all pregnancies. 1, 2 It is characterized by painless dilation of the cervix, usually followed by bulging and premature rupture of membranes, which leads to miscarriage or preterm birth. The diagnosis is challenging because of the absence of clear diagnostic criteria, and it is generally made retrospectively, based on obstetric history. The American College of Obstetrics and Gynecology (ACOG) currently recommends the placement of cerclage in patients with a current singleton pregnancy, prior spontaneous preterm birth at fewer than 34 weeks' gestation, and short cervical length (less than 25 mm) before 24 weeks' gestation. 3 The traditional procedure is transvaginal; however, a transabdominal approach is preferred in selected cases, such as in patients in whom transvaginal cerclage failed and resulted in second-trimester pregnancy loss or in those with scarred, physically disabled, or absent cervix.
The success rate of abdominal cerclage is reported to be 85-90% in the literature; however, when performed as an open procedure, it is associated with higher morbidity than the vaginal approach. 4, 5 Laparoscopic abdominal cerclage during pregnancy has been shown to be advantageous over laparotomy when comparing success rates and recognizing the well-known benefits of minimally invasive surgery, such as decreased blood loss, shorter hospital stay, decreased pain, and faster recovery time. 6, 7 Robot-assisted abdominal cerclage is a relatively new minimally invasive technique that facilitates less invasive procedures when compared to the open approach, and it has the advantages of 3-dimensional visualization and endowristed instrumentation when compared to traditional laparoscopy. Since the da Vinci surgical system (Intuitive Surgical, Sunnyvale, California, USA) was approved by the U. S. Food and Drug Administration (FDA) for gynecologic procedures in 2005, there have been only a few robotic abdominal cerclages performed during pregnancy; the first was reported in 2008. 8 The objective of our case series and review of the literature was to evaluate the safety, efficacy, and feasibility of the robot-assisted abdominal cerclage procedure during pregnancy.
MATERIALS AND METHODS
The study was approved by the University of Texas Medical Branch Institutional Review Board Ethics Committee, and formal informed consent was obtained from all patients.
Case Series
We conducted a retrospective study, including 6 cases from 2 institutions (The University of Texas Medical Branch, Galveston, Texas, and Yale School of Medicine, New Haven, Connecticut), evaluating the safety and efficacy of robot-assisted abdominal cerclage during pregnancy and obstetric outcomes after the procedure. Patients were referred to the Obstetrics and Gynecology Departments of the 2 institutions from January 2010 to March 2016 and were offered the procedure if abdominal cerclage was indicated per ACOG guidelines. 3 All options, risks, benefits, and outcomes were discussed with each patient; informed consent was obtained; and a thorough physical examination was performed before the procedure. Fetal viability and gestational age were confirmed with pelvic ultrasonography. Routine first-trimester screening was obtained to rule out aneuploidies. All patients who underwent robot-assisted abdominal cerclage while pregnant during the study period were included in the analysis. The technique used has been described in previous reports. 9, 10 
Systematic Review

Search Strategy
We conducted a systematic literature search of the following databases: PubMed, EMBASE, Ovid Medline, Web of Science, and Cochrane Systematic Reviews. The following medical subject heading (MESH) terms, keywords, and their combinations were used: "robotic," "cervical cerclage," and "cervicoisthmic cerclage." We collected data from all robot-assisted abdominal cerclage procedures during pregnancy. The search was limited to articles published in English up to March 2016. In addition, we manually searched the reference lists of all reports. Two of the investigators reviewed the articles independently (BZ and GSK). Data extracted from the studies included study design, number of patients, and surgical and obstetric outcomes.
Inclusion and Exclusion Criteria
Articles regarding robotic cerclage in nonpregnant patients and traditional laparoscopic cerclage were excluded, and only robotic procedures during pregnancy were included.
Outcome Measures
The primary outcome measure was defined as delivery of a viable infant at 34 weeks' gestational age or more. Secondary outcome measures were gestational age at delivery, preterm labor, premature rupture of membranes, neonatal survival after the procedure, failed abdominal cerclage, and surgical complications. Failure was defined as second trimester or any perioperative pregnancy loss within 2 weeks of the procedure.
Data Analysis
Descriptive statistics were used to report continuous variables.
RESULTS
Case Series
From January 2010 to March 2016, 6 patients met the criteria for inclusion. The median age was 34 y (range, 28 -37) at the time of the procedure. In 5 cases, the indication for transabdominal cerclage was failed vaginal cerclage in a previous pregnancy; in the remaining case, a scarred and shortened cervix was the indication, caused by a cervical laceration in a dilatation and curettage. Median operating time was 159.5 minutes (range, 124 -204) and median estimated blood loss (EBL) was 25 mL (range, 10 -25 mL). None of the surgeries was converted to laparotomy, and all patients were discharged on postoperative day 1. The median gestational age at delivery was 37.5 weeks (range, 22-39). Five patients delivered at between 36 and 39 weeks. None of the patients had chorioamnionitis or preterm premature rupture of membranes. One patient went into preterm labor at 22 weeks and underwent cerclage removal via minilaparotomy. The patient was found to have a ϳ1-cm uterine rupture close to the right uterine artery under the cerclage suture. The cerclage suture was removed, and the rupture site was repaired without the need for a hysterectomy. The patient gave birth vaginally to a 500-g female infant 3 h after the procedure. Unfortunately, the infant did not survive because of cardiorespiratory failure. The clinical characteristics of the patients as well as the operative and obstetric outcomes are summarized in Table 1 .
Systematic Review
Of 27 reports in the initial search, 8 were included. All were either case reports or case series. In total, 16 patients underwent robot-assisted abdominal cerclage during pregnancy. The median age was 31.5 years (range, 25-37). The major indication in most of the published articles was previous failed transvaginal cerclage. Median gestational age at the time of the procedure and delivery was 12 weeks (range, 10 -15) and 37 weeks (range, 33-39), respectively. The characteristics of the patients and the surgical and obstetric outcomes are summarized in Table 2 .
DISCUSSION
To the best of our knowledge, this is the first systematic review of robot-assisted abdominal cerclage during pregnancy. Since robotics technology is relatively new, the published reports in the literature are limited to case reports and case series. However, the safety and efficacy of conventional laparoscopy has been reported to have success rates comparable to those of the open technique. 6, 7 In the systematic review by Tulandi et al, 6 the rates of third-trimester delivery and live birth via laparoscopy during pregnancy were found to be 70% and 70 -100%, respectively, whereas these rates were 77.4% and 85.2-100% via laparotomy. In the report by Burger et al 7 the fetal survival rate (defined as the total number of liveborn infants who survived the first 6 weeks after delivery divided by the total number of all pregnancies) after laparoscopic cerclage during pregnancy was 80.9%, whereas it was 88.4% in the open surgery group, which was not significantly different. The rate of fetal loss was 11.5% in the laparoscopy group (n ϭ 26) and all were during the second trimester. The rate of delivery at Ն34 weeks of gestation was 88%, and mean gestational age at delivery was 34.4 weeks. The rate of conversion to laparotomy was 4.4%; however, the reasons for conversion were not mentioned in the study. Robot-Assisted Abdominal Cerclage During Pregnancy, Zeybek B et al.
Our systematic review showed slightly improved outcomes via the robotic route regarding gestational age at delivery (median, 37 weeks), and the rates of live birth (90%), and third-trimester delivery (90%) when compared to the aforementioned success rates of the laparoscopic approach. However, as mentioned previously, these rates reflect only the outcomes of case reports and small case series. Randomized trials are needed to compare the 2 minimally invasive options to make definitive conclusions.
The outcome that attracted attention is that the reported procedure times are longer with the robotic approach than with laparoscopy. The largest case series of robotic cerclage during pregnancy, reported by Foster et al, 14 included 7 cases for which median procedure time was reported to be 157 minutes, which was similar to the median operative time of 159.5 minutes of our case series. Cho et al 16 reported a mean operative time of 55 minutes in their case series of 20 laparoscopies, which was similar to the reported mean procedure time of 52 minutes in the case series reported by Shin et al. 17 The longer operative time for the robotic procedure may be related to incomplete learning curves and additional docking time for the robot, which may be improved with surgeon experience and application of efficiency strategies in the operating room. 18 The longer procedure time will increase the costs of the robotic procedure at this time. However, appropriate cost comparison studies should be designed in the setting of completed surgeon learning curves before definitive conclusions are drawn.
Most articles in the literature report some challenges during the procedure for both the laparoscopic and robotic routes, such as difficulty accessing the lower uterine segment because of a soft and enlarged uterus, difficulty maneuvering because of lack of a uterine manipulator, and enhanced vascularization during pregnancy, which raises a concern for severe hemorrhage. 10, 14 To overcome these challenges, various surgical techniques were described, and some technological tools have been implemented in robotics, which may make the robotic system more beneficial over conventional laparoscopy. One of these tools is the concomitant use of transvaginal ultrasonography during the procedure. 9 The TilePro multiinput, display feature of the da Vinci Surgical system provides simultaneous display of real-time ultrasonography and the operative field, enabling the surgeon to identify the borders of the cervix and the location of the internal cervical ostium. This feature allows the surgeon to pass the needle more precisely through the correct surgi- Increased uterine vascularity has also been addressed as a challenge in different reports. 10, 11 Menderes et al 10 described the "needleless" surgical technique, during which a needleless Mersilene tape (Ethicon, Somerville, New Jersey, USA) is passed through a peritoneal window medial to the uterine vessels. In another recent report, Zeybek et al 11 described the concomitant use of indocyanine green (ICG) dye with a near-infrared camera system. ICG is commonly used as a contrast agent to assess microvascular circulation and organ vascularization with excellent tolerability. The near-infrared camera system is a recent innovation that was integrated into the da Vinci Si surgical system in 2010. The combination of both creates 2 relatively opposite (low/high) contrasts, which enables identification of high contrast (ICG) on a relatively low-contrast (near-infrared light) background. The authors concluded that the technique may be beneficial in overcoming the obstacles of visualization of the vascular anatomy.
Another challenge that has been reported is the difficulty of manipulating the gravid uterus. 14 An early report described manual manipulation with an assistant's fingers, 9 and Gibbs et al 13 recently reported use of a vaginal fornices delineator, the Koh cup (Cooper Surgical, Inc, Trumbull, Connecticut, USA), to aid in manipulation and improve cervix visualization during a robot-assisted abdominal cerclage. 13 The Koh cup was first introduced in the mid-1990s by the gynecologic surgeon Charles Koh and has been used since that time to facilitate total laparoscopic hysterectomy. Gibbs et al used it as a manipulator during a cerclage procedure by assembling the tips of 2-ring forceps clamps along the base of the Koh cup, which encircles the cervix without disruption of the cervical canal. It has also been reported to enhance uterine vessel identification by delineating vaginal fornices.
There are limitations of the current case series and the systematic review. The case series is limited by the absence of a control group for comparison. Although it also includes a systematic review of the literature, the included articles are only case reports and case series. Thus, a meta-analysis cannot be performed at this time. However, our case series and reports to date suggest that robotassisted abdominal cerclage during pregnancy is safe and effective.
CONCLUSION
We conclude that robot-assisted abdominal cerclage is feasible during pregnancy and the implemented technological advancements in robotics (the TilePro near-infrared camera system) may be beneficial in overcoming the obstacles of visualization during the procedure. Randomized controlled trials with larger samples of patients are needed to make definitive conclusions.
